Swine-origin zoonoses pose an increasing threat to human health. Their importance was recently highlighted by the emergence of a new swine-origin influenza A virus (S-OIV), also called 2009 pandemic influenza A (pH1N1) virus, which initially emerged in North America and rapidly spread all over the world in 2009, remaining epidemic through 2010 (57, 63) , and by a 2009 outbreak of Ebola-Reston virus in pig populations in the Philippines (48) , which was the first swine EbolaReston virus infection event ever reported. These zoonotic viruses remain a cause of broad concern for human public health.
Pigs are considered a "mixing bowl" for influenza viruses (IV) from different species, because pigs have receptors that bind to both avian and human IV strains (27) . IV consists of eight single-stranded RNA segments encoding 12 proteins: nucleoprotein (NP), three polymerase proteins (PA, PB1, and PB2), two matrix proteins (M1 and M2), two nonstructural proteins (NS1 and NS2), two surface glycoproteins [hemagglutinin (HA) and neuraminidase (NA)], and two newly identified proteins (PB1-F2 and PB1 N40) (6, 28, 73) . Reassortment of eight gene segments from different IV strains is a common cause of the emergence of new IV strains. As a mixing bowl, pigs have been the source of emergent IV for a long time, especially H1N1 (18, 52, 62, 74) . In fact, swine IV, named classical H1N1 SIV, was the first IV ever isolated (56) . Similar S-OIV infection events have led us to believe that pigs act as a primary host in the cross-species transmission of IV. Obviously, elimination of IV in swine would aid the control of IV in humans.
The major histocompatibility complex (MHC) class I molecules play a pivotal role in cellular immune responses against virus infection. Classical MHC class I molecules present viral peptides, termed cytotoxic T lymphocyte (CTL) epitopes, to specific T-cell receptors (TCRs) of CD8 ϩ T cells. The subsequent formation of an immune synapse results in the prolifer-ation of CTLs, lysis of the virus-infected cells, and eventually clearance of the virus from the host (22) . Structural studies have revealed that viral peptides could interact with six pockets (A to F) in the peptide-binding groove (PBG) of MHC I and form a trimolecular complex, including MHC I heavy chain, epitope peptide, and ␤ 2 -microglobulin (␤ 2 m) (43) . In humans, the MHC is also termed human leukocyte antigen (HLA). Classical HLA I genes exist at three loci in the human genome, and each locus has dozens to hundreds of alleles (29) . Polymorphisms of MHC I determine the distinct three-dimensional (3D) structure of the PBG. Viral epitopes bind to the PBG with different affinities in an MHC-restricted manner. Each MHC I allele is able to bind a particular profile of CTL epitopes, based on the compatibility of the binding pockets in the PBG (24) . Thus far, most of the HLA I and mouse MHC I complex structures have been solved (47) , and complex structures of some other species have also been elucidated in recent years, including rat, monkey, chicken, bovine, and chimpanzee (8, 19, 30, 35, 36, 41, 60) . Nevertheless, little is known about the structure of swine MHC I molecules.
The genes encoding swine MHC I, termed the swine leukocyte antigen (SLA) region, were first reported by Vaiman et al. in 1970 (70, 71) . The SLA region has subsequently been found in the 7p1.1 band of the short arm of the seventh chromosome and spanning a region of approximately 1.1 Mb (53) . Seven classical and three nonclassical SLA I genes are linked in the SLA region; the expressed SLA I loci are SLA-1, SLA-2, and SLA-3, while SLA-4, SLA-5, SLA-9, and SLA-11 are pseudogenes (65) . The SLA-1 locus has been found to have the highest expression level (40) , implying that SLA-1 molecules play a dominant role in the immune process, including presentation of CTL epitopes. Currently, 116 SLA I allelic genes, including the SLA-1, SLA-2, and SLA-3 loci, have been deposited in the Immune Polymorphism Database (IPD; http://www.ebi.ac.uk /ipd/index.html). Over 43 of the reported SLA I genes are alleles of SLA-1. SLA-1*0401 molecules are commonly expressed in five swine breeds (25) and the PK-15 cell line, indicating that SLA-1*0401 is a valuable SLA I allele that has survived long-term evolutionary selection. Many studies of SLA I have been reported during the past 40 years, and the CTL immune responses involving SLA I molecules have been studied using numerous diverse methods (11, 14, 51, 54) . Furthermore, since 2009, the NetMHCpan (http://www.cbs.dtu.dk/services /NetMHCpan/) method has made it possible to predict CTL epitope peptides for SLA I molecules (26) .
Current vaccine regimens use inactivated influenza virus to acquire neutralizing antibodies against the external HA glycoprotein (5). However, this glycoprotein mutates rapidly through both antigenic drift and shift, and current vaccines are usually ineffective against newly emerged IV strains; therefore, new vaccines must be developed every year. New vaccine strategies are increasingly directed at conserved CTL epitopes of IV (64) , as CTL responses have been proven to clear IV and reduce the severity of symptoms (44, 46) , and seasonal IVspecific CTL responses can cross-react with peptides derived from S-OIV (21) . Although hundreds of T-cell epitopes derived from IV were identified for humans, mice, and other animals (and deposited in the Immune Epitope Database and Analysis Resource [IEDB]), IV-derived CTL epitopes for pigs have remained elusive until now.
To examine the structural basis of SLA I antigen presentation, we solved the first crystal structures of swine MHC I SLA-1*0401 complexed with either S-OIV-or Ebola virusderived peptides. In addition to the common characteristics of mammalian MHCs, a distinctive feature of SLA-1*0401 is that residue Arg 156 has the ability to "veto" the binding of viral peptides if they do not contain a small or negatively charged residue at position P3. Although S-OIV NA 449-457 -NSDTV GWSW (S-OIV NW9 ) and Ebola virus vp35 155-163 -ATAAA TEAY (Ebola AY9 ) have different sequences, Ebola AY9 binds SLA-1*0401 with a conformation very similar to that of S-OIV NW9 but with the help of 8 additional water molecules. Notably, the residues in P7 positions in both S-OIV NW9 and Ebola AY9 are exposed on the surface of the PBG, making these two peptides featured in contact with TCRs. Finally, 23 potential CTL epitopes from 2009 pandemic S-OIV were identified, , mutated SLA-1*0401 heavy chain with alanine in place of arginine at position 156; ϩϩ, peptide binds strongly and can tolerate anion-exchange chromatography; Ϫ, peptide does not bind SLA-1*0401; ϩ, peptide binds SLA-1*0401 but cannot tolerate anion-exchange chromatography; /, peptide was not tested.
three of which are cross-species epitopes also presented by HLA-A*0101 and may activate cross-species CTL responses. Based on the structures of SLA-1*0401 solved here and the binding affinities of the peptides determined by the in vitro refolding method, the peptide binding motif of SLA-1*0401 was proposed and examined by testing the thermostabilities of SLA-1*0401 with key peptides.
MATERIALS AND METHODS

Synthesis of viral peptides.
A total of 39 viral peptides were used in these experiments (Tables 1 and 2 ). Thirty-eight nonapeptides matching the 2009 pH1N1 S-OIV were predicted by NetMHCpan-2.0 (http://www.cbs.dtu.dk /services/NetMHCpan) and synthesized by SciLight Biotechnology. In addition, the sequence information for Ebola AY9 (ATAAATEAY) was provided by Ilka Hoof of Technical University of Denmark, and this peptide was synthesized as described above. The purities of the peptides were Ͼ90%, as assessed by highperformance liquid chromatography.
Preparation of proteins. The SLA-1*0401 gene (EU170457) was cloned from PK-15 cells. The PCR primers and conditions were described previously (15) . The PCR product was sequenced, ligated into the pET21a vector (Novagen), and transformed into Escherichia coli strain BL21(DE3). Recombinant SLA-1*0401 was expressed in inclusion bodies and purified as described previously (7) .
The gene fragment encoding the mature peptide of swine ␤ 2 -microglobulin (s␤ 2 m) was amplified from plasmid p2X-␤2m, which we constructed previously (15) . The PCR product was sequenced, ligated into the pET21a vector, and transformed into E. coli strain BL21(DE3). Recombinant s␤ 2 m was also expressed in inclusion bodies and purified as previously described (7) .
Refolding of SLA-1*0401 with S-OIV or Ebola viral peptides. To form a complex with each peptide (Tables 1 and 2 ), SLA-1*0401 and s␤ 2 m were refolded using the gradual dilution method, as previously described (9) . As a negative control, SLA-1*0401 and s␤ 2 m were also refolded without peptide. After 48 h of incubation at 277 K, the remaining soluble portion of the complex was concentrated and then purified by chromatography on a Superdex200 16/60 column followed by Resource-Q anion-exchange chromatography (GE Healthcare), as previously described (9) .
Crystallization and data collection. Two viral peptides, S-OIV NW9 [NW9; NSDTVGWSW, derived from A/Beijing/01/2009(H1N1) NA protein in the region from 449 to 457] and Ebola AY9 (AY9; ATAAATEAY, derived from Ebola virus VP35 protein in the region from 155 to 163), were selected for crystallization with SLA-1*0401 heavy chain and s␤ 2 m. SLA-1*0401-S-OIV NW9 and SLA-1*0401-Ebola AY9 complexes were concentrated to 8 mg/ml in a buffer containing 20 mM Tris (pH 8.0) and 50 mM NaCl for crystallization. After being mixed with .0]). Diffraction data were collected using an in-house X-ray source (Rigaku MicroMax007 desktop rotating anode X-ray generator with a Cu target operated at 40 kV and 30 mA) and an R-Axis IV ϩϩ imaging-plate detector at a wavelength of 1.5418 Å. In each case, the crystal was first soaked in reservoir solution containing 15% glycerol as a cryoprotectant for several seconds and then flash-cooled in a stream of gaseous nitrogen at 100 K (50). The collected intensities were indexed, integrated, corrected for absorption, scaled, and merged using HKL2000 (49) .
Structure determination and refinement. The structures of SLA-1*0401-S-OIV NW9 and SLA-1*0401-Ebola AY9 (pSLA-1*0401) were solved by molecular replacement using the MOLREP program with HLA-A*1101 (PDB code, 1Q94) as the search model. Extensive model building was performed by hand using COOT (13) , and restrained refinement was performed using REFMAC5. Further rounds of refinement were performed using the phenix.refine program implemented in the PHENIX package (1) with isotropic ADP refinement and bulk solvent modeling, which improved the R and R free factors from 0.194 and 0.209 to 0.151 and 0.177, respectively. The stereochemical quality of the final model was assessed with the PROCHECK program (33) . Data collection and refinement statistics are listed in Table 3 .
Preparation of the Arg
156
-to-Ala mutant of pSLA-1*0401. To investigate the function of Arg 156 in SLA-1*0401, Arg 156 was mutated to Ala 156 by overlap PCR (primers used for mutation were 5Ј-GGCGGAGCGTGCGAGGAGCTAC-3Ј and 5Ј-GTAGCTCCCGCTACGCTCCGCC-3Ј, the underlined sequences mutated the codon encoding Ala). The resulting protein was termed SLA-1*0401-Ala
. SLA-1*0401-Ala 156 was inserted into the pET21a vector and expressed in BL21(DE3) cells. Recombinant SLA-1*0401-Ala 156 was expressed in inclusion bodies and further purified, as described previously (9) . SLA-1*0401-Ala 156 was refolded with s␤ 2 m and each viral peptide. In addition, the complexes formed by refolding were further purified by gel filtration and anion-exchange chromatography as described above (9) .
Determination of complex thermostability using CD spectroscopy. The thermostabilities of SLA-1*0401 with six key peptides were tested by circular dichroism (CD) spectroscopy. CD spectra were measured at 20°C on a Jasco J-810 spectropolarimeter equipped with a water-circulating cell holder. The protein concentration was 8 M in pH 8.0 Tris buffer (20 mM Tris and 50 mM NaCl). Thermal denaturation curves were determined by monitoring the CD value at 218 nm by using a 1-mm-optical-path-length cell as the temperature was raised from 25 to 80°C at a rate of 1°C/min. The temperature of the sample solution was 
where ϽI h Ͼ is the mean intensity of the observations I ih of reflection h. c R factor ϭ ¥(F obs ϪF calc )/¥F obs ; R free is the R factor for a subset (5%) of reflections that was selected prior to refinement calculations and not included in the refinement.
directly measured with a thermistor. The fraction of unfolded protein was calculated from the mean residue ellipticity () by the standard method. The unfolded fraction (%) is expressed as ( Ϫ N )/( U Ϫ N ), where N and U are the mean residue ellipticity values in the fully folded and fully unfolded states. The midpoint transition temperature (T m ) was determined by fitting data to the denaturation curves using the Origin 8.0 program (OriginLab) as described previously (67) .
Protein structure accession numbers. The crystal structures have been deposited in the Protein Data Bank (http://www.pdb.org/pdb/home/home.do) with accession numbers 3QQ3 and 3QQ4.
RESULTS
Overall structure of the pSLA-1*0401 complex. Analysis of the crystal structure of the pSLA-1*0401 complexes showed two SLA-1*0401 molecules complexed with S-OIV NW9 in each asymmetric unit, termed SLA-1*0401-S-OIV NW9 , and one SLA-1*0401 molecule complexed with Ebola AY9 in each asymmetric unit, termed SLA-1*0401-Ebola AY9 . The 3D structures of SLA-1*0401-S-OIV NW9 and SLA-1*0401-Ebola AY9 contained the SLA-1*0401 heavy (H) chain (residues 1 to 276), s␤ 2 m (residues 1 to 98), and both S-OIV NW9 and Ebola AY9 peptides, respectively (Fig. 1) . The root mean square deviation (RMSD) for all of the C␣ atoms in SLA-1*0401-S-OIV NW9 and SLA-1*0401-Ebola AY9 was 0.685 Å. The polar and nonpolar interactions of peptides with the PBG were analyzed and are listed in Table 4 . In the two structures, the SLA-1*0401 H chain was composed of ␣1 (residues 1 to 90), ␣2 (residues 91 to 180), and ␣3 (residues 181 to 275) domains; the ␣1 and ␣2 domains form the PBG (Fig. 2) . The H-chain ␣1 and ␣2 domains can be divided into two portions. One portion (␣1, residues 50 to 54 and 57 to 85; ␣2, residues 138 to 150 and 152 to 174) forms helices located at the top of the PBG, and the remaining portion (residues 4 to 13, 20 to 28, 31 to 37, 46 to 47, To analyze their diversity, typical human, mouse, rat, monkey, bovine, and chicken class I molecules were aligned with SLA-1, SLA-2, and SLA-3 alleles (Fig. 2) . Although the genome sequences indicate that the SLA-1 and SLA-3 loci are more similar to each other than to SLA-2 (40), the amino acid sequences of SLA-1 and SLA-2 are more homologous by phylogenetic analysis. The H chain of SLA-1*0401 is Ͼ88% identical to other SLA-1 molecules and 89% identical to SLA-2 molecules. However, SLA-1*0401 is only 85 to 88% identical to SLA-3 molecules.
Comparison of SLA I and other class I sequences revealed that, with the exception of SLA-2*jh01, Lys 19 and Ala 163 are highly conserved in SLA-3 but seldom appear in SLA-1 and SLA-2 molecules (Fig. 2) . In SLA I alleles, only the ␣3 domains are highly conserved, and ␣1 domains are more variable than ␣2 domains. NCBI BLAST database searches demonstrated that there are 13 common amino acid differences among the SLA I alleles and other crystallized mammalian class I molecules. Importantly, the variation arises mainly in the ␣3 domain, though a few (six amino acids) appeared in the ␣1 and ␣2 domains. The RMSD between pSLA-1*0401 and other class I molecules annotated in the Protein Data Bank (PDB) (http://www.pdb.org/pdb/home/home.do) is Ͻ1.6 Å, with the exception of chicken B21, for which the RMSD is Ͼ2 Å. HLA-A*1101 has the highest identity with SLA-1*0401 (78%), with an RMSD of 0.682 Å. Although there are ϳ20 amino acid residue differences between the s␤ 2 m and human ␤ 2 m (h␤ 2 m) sequences, only three of those residues interact with the H chain. Most differences that affect the interaction between s␤ 2 m and the SLA-1*0401 H chain are at the N terminus of s␤ 2 m. Val 1 and Lys 6 in s␤ 2 m form only 3 contacts with the SLA-1*0401 H chain, whereas Ile 1 and Lys 6 in h␤ 2 m can form 47 contacts with the HLA I H chain.
Comparison of the pockets and viral peptide binding interface of SLA-1*0401 and HLA I. The PBG in HLA I was previously classified into six pockets, A to F (55). Structural analysis indicated that the PBG of pSLA-1*0401 also contains these six pockets; therefore, the same nomenclature was provisionally adopted here for the analysis of pSLA-1*0401.
Pocket (45) . In most class I molecules, the residue at position 167 is Trp, which has a large side chain; however, in pSLA-1*0401, Ser 167 forms two hydrogen bonds with the amino group of P1-Asn of S-OIV NW9 and one hydrogen bond with P1-Ala of Ebola AY9 (Table 4 ). Due to the change from Ser 167 to Trp 167 , the N terminus of the PBG in pSLA-1*0401 appears to be more open than in other crystallized class I molecules except cattle MHC class I N*01801 (35) .
In pSLA-1*0401, the P2-Ser of S-OIV NW9 and P2-Thr of Ebola AY9 are inserted into pocket B in the same way. The main amino group (N) of both P2 residues is tethered by hydrogen bonds from Glu 63 in the PBG. (Fig. 2 and 3B) (34) . This result demonstrates (34) . Pocket E in pSLA-1*0401 accommodates the side chain of the P6 residue (Fig. 3C) . In pSLA-1*0401-Ebola AY9 , the side chain of the P6 residue (Thr) is inserted into pocket E and forms hydrogen bonds with Arg 114 and Glu 152 (Table 4 ). In pSLA-1*0401-S-OIV NW9 , the P6 Gly residue interacts with pocket E even without any side chain. The side chains of the P7 and P8 residues extend outward into the solvent, where they may be recognized by TCRs.
Pocket F of pSLA-1*0401 is composed of the highly conserved residues Thr 73 (Fig. 3D ) (61) . The PC anchor residues for SLA-1*0401 are similar to those for HLA-A*01, HLA-B*35, and HLA-B*57, which have large residues with an aromatic ring (32, 59, 61) . The aromatic rings in S-OIV NW9 and Ebola AY9 are held in close contact with residues in pocket F by strong hydrogen bonds and van der Waals contacts (Table 4) . P9-Tyr in Ebola AY9 forms more hydrogen bonds with residues Tyr 74 and Ser 97 than P9-Trp in S-OIV NW9 by using hydroxyls on its aromatic ring (Table 4) . However, P9-Trp is larger than P9-Tyr and has a more complementary shape for pocket F. Therefore, it forms more van der Waals contacts than P9-Tyr (Table 4) .
The detailed analysis of distinct C and D pockets of pSLA-1*0401 is described below. The unconserved residues composing pockets A, B, E, and F of pSLA-1*0401 partially contribute to the distinct peptide presentation and TCR contact of SLA I.
A flexible Arg 156 residue in pocket D functions as a "oneballot veto" for epitope binding. Pockets C and D in SLA-1*0401-S-OIV NW9 are very different from those in SLA-1*0401-Ebola AY9 . In SLA-1*0401-S-OIV NW9 , pockets C and D are integrated as one cavity, whereas pockets C and D in SLA-1*0401-Ebola AY9 are separate. This conformational change is due to the flexible side chain of Arg 156 , located in pocket D (Fig. 4A and B) . In SLA-1*0401-S-OIV NW9 , Arg 156 forms a strong salt bridge with the P3 Asp of S-OIV NW9 . The side chain of P3 Asp interacts with the side chain of Arg 156 and pushes it close to the ␣2 helix of SLA-1*0401 ( Fig. 4A and C) . However, in SLA-1*0401-Ebola AY9 , the side chain of P3 Ala is too short to interact with Arg 156 in pocket D. Instead, the flexible side chain of Arg 156 extends into the PBG and binds the oxygen atom of the main chain of P4 Ala (Fig. 4B and C) .
To (Table 2 and Fig. 5A and B) . The refolding results demonstrate that SLA-1*0401-H-Ala 156 bound to S-OIV NW9 or Ebola AY9 in the same way as the wild-type SLA-1*0401. However, binding to HA 215-223 , PA 455-464 , PA 679-687 , and PB2 564-572 led to dramatic changes. All tested peptides tolerated anion-exchange chromatography and bound to SLA-1*0401-H-Ala 156 to form stable complexes ( Fig. 5A and B) . We further modeled the 3D structure of pSLA-1*0401-HAla 156 using SWISS-MODEL (http://swissmodel.expasy.org) (Fig. 5C ). When Ala 156 replaced Arg 156 , pocket D became larger, and its polarity was reduced. Therefore, pocket D in the mutated protein has fewer steric limitations and could accommodate more residues (Fig. 5C ). These results reveal that Arg 156 "vetoes" the binding of peptides HA 215-223 , etc., to pSLA-1*0401. All the tested peptides have similar or identical P2, P6, and PC residues which are favored by pockets B, E, and F of SLA-1*0401. The short side chain of Ala provides no additional binding affinity to the peptides. The only reason that peptides such as HA 215 (Fig. 6A) . The solvent-accessible surface areas of S-OIV NW9 and Ebola AY9 are 351.6Å 2 and 239.5Å 2 , respectively. Remarkably, the P4, P7, and P8 positions in S-OIV NW9 and Ebola AY9 are exposed on the surface. These three residues may play a crucial role in contacting TCRs. In particular, the P7 residues in both S-OIV NW9 and Ebola AY9 are prominently exposed, suggesting that this residue is pivotal to the specificity of swine TCR recognition. Compared to other peptides of influenza virus presented by human or mouse MHC I molecules, S-OIV NW9 peptide presentation is similar to the class of featured molecules with dominant immunogenicity (Fig. 6B and C) .
Although the sequences of S-OIV NW9 and Ebola AY9 are quite different, no significant conformational change of the peptides in the PBG of pSLA-1*0401 could be found by superimposing the two peptides, except that Ebola AY9 was inserted deeper into the PBG than S-OIV NW9 (Fig. 6A) . This is because Ebola AY9 , especially P6 residue, can form more downward-facing hydrogen bonds with residues in PBG than S-OIV NW9 (Fig. 6A) . In S-OIV NW9 , P6-Gly has no side chain and cannot form any bonds with residues in the E pocket. The formation of a hydrogen bond net with water molecules has been observed in HLA I and can stabilize an epitope in the PBG (58) . In the two structures of pSLA-1*0401, different numbers of water molecules are bound to each viral epitope. The well-defined electron density map of S-OIV NW9 and Ebola AY9 highlights these differences (Fig. 7A and B) . In SLA-1*0401-Ebola AY9 , 12 water molecules form hydrogen bonds in the PBG (Fig. 7D) , whereas only three water molecules are bound in pSLA-1*0401-S-OIV NW9 (Fig. 7C) . Ebola AY9 contains five Ala residues, which makes it more difficult to directly form enough hydrogen bonds for binding. Therefore, Ebola AY9 uses nine extra water molecules to create hydrogen bonds to SLA-1*0401. Within the groove of SLA-1*0401, the bound water molecules interact with the H-chain polymorphic residues and help to stabilize multiple peptides.
Cross-species presentation of peptide by SLA-1*0401 and HLA-A*0101 with different conformations. Although SLA-1*0401 is more homologous to HLA-A*1101, the cross-species presentation of IV peptides (Table 2) indicates that the peptide binding motif of SLA-1*0401 is similar to that of HLA-A*0101. The key residues in the PBG of HLA-A*1101 that anchor peptide residues are different from those in SLA-1*0401 and HLA-A*0101. The structure of HLA-A*0101 containing a peptide (pHLA-A*0101; PDB code 3BO8) from melanoma-associated antigen 1 (MAGE-A1) illustrates that its anchor residues at P2, P3, and PC (peptide sequence, EADP TGHSY) have the same properties as pSLA-1*0401 (Fig. 8) . In pSLA-1*0401 and pHLA-A*0101, pockets B, D, and F accommodate anchor residues and have similar surface electrostatic potential ( Fig. 8A and B) . Pockets B and F are hydrophobic cavities with weak negative potential, and pocket D generally has a strong positive potential.
The B pockets of pSLA-1*0401 and pHLA-A*0101 differ by substitutions at positions 9 and 67, where Tyr 9 and Val 67 in pSLA-1*0401 are changed to Phe 9 and Met 66 in pHLA-A*0101, respectively (Fig. 8C) . Although the two alterations have different sizes and polarities, they have little effect on the small P2 anchor residues because they induce only weak van der Waals contacts.
The compositions of the D pockets of pSLA-1*0401 and pHLA-A*0101 are essentially the same (Fig. 8D) . Arg 114 and Arg 156 cause pocket D to have a strong positive potential and show preference for anchor residues with negative charge. In both pSLA-1*0401 and pHLA-A*0101, Arg 156 anchors P3 negatively charged residues with a strong salt bridge and is critical for stable peptide binding (Fig. 8D) . This is quite different from HLA-A*1101, residue 156 of which is Gln (Fig. 2) .
There are four residue alterations between F pockets of pSLA-1*0401 and pHLA-A*0101: Tyr 74 3Asp, Gly 77 3Asn, Leu 95 3Ile, and Ser 97 3Ile. Although these substitutions are insufficient to affect the preference of F pockets, they change the shape of the F pocket and alter the conformations of PC residues (Fig. 8A, B , and E). Position 77 seems to be of particular importance, as the side chain of Asn 77 in pHLA-A*0101 restricts the orientation of the aromatic ring of P9-Tyr and makes an included angle of about 120°with the aromatic ring of P9-Trp in pSLA-1*0401 (Fig. 8E) . In contrast, Asp 74 , Asp 77 , and Asp 116 in HLA-A*1101 endow the F pocket with negative potential and a preference for positively charged anchor residues.
Although peptides can be cross-species presented by pSLA-1*0401 and pHLA-A*0101, the conformations of the presented peptides have obvious variations, especially in the central region (Fig. 8F) . In pHLA-A*0101, the main chain of the MAGE peptide is dragged toward the ␣2 helix by Arg 156 , where Arg 156 forms a strong salt bridge with P3-Glu and hydrogen bonds with P7-His and P5-Thr. In SLA-1*0401-S- in the ␣2 helix with a hydrogen bond (Fig. 8F) . Due to the presence of an Ala residue at position 152 in HLA-A*0101, Arg 156 is more flexible and can pull the side chain of P7 residue of the MAGE peptide down, which may affect the TCR recognition of pHLA-A*0101.
Structure-based screening of conserved and cross-species IV epitope peptides. CTL epitopes with high affinity for pMHC can form stable complexes by in vitro co-refolding (37, 38) . Therefore, using SLA-1*0401-Ebola AY9 as a positive control, a total of 16 predicted peptides covering S-OIV and all influenza viruses were refolded with SLA-1*0401 and s␤ 2 m (Table  1) . However, only two peptide (S-OIV NW9 and PA 455-464 ) formed stable complexes with SLA-1*0401 and s␤ 2 m. S-OIV NW9 and PA 455-464 could be purified by gel filtration and anion-exchange chromatography, similarly to the positive controls (Table 1) . Two nonapeptides, HA 87-95 and PA 557-565 , formed less stable pSLA complexes and could be collected by gel filtration but did not tolerate the strongly ionic environment during anion-exchange chromatography ( Table 1 ). The other 13 peptides bound to SLA-1*0401 with lower affinities and did not form a stable pSLA peak after gel filtration. Based on the SLA-1*0401-S-OIV NW9 and SLA-1*0401-Ebola AY9 structures and binding results, a predicted motif for binding SLA-1*0401 was defined: residues with a large aromatic ring form the C termini, and a neutral residue (Ser, Thr, Ala, Ile, Leu, Met, or Val) occupies position 2, whereas in position 3 either a negative charged residue (Asp or Glu) or a residue without a side chain (Ala or Gly) should occur.
Based on the identified motifs for SLA-1*0401, a total of 22 peptides matching IV strains were refolded using the method mentioned above. Sixteen of the 22 peptides stably bound SLA-1*0401 ( Table 2 ). All of these peptides could be purified by gel filtration and anion-exchange chromatography, like vp35 155-163 , the positive-control peptide. The other three peptides bound to SLA-1*0401 with lower affinity and did not form a stable pMHC peak after gel filtration. These peptides all have a small amino acid at P3 and an acidic amino acid at P6. Moreover, their low affinities might be explained by the fact that Glu 152 in pocket E repels P6 residues with the same charge. Four peptides formed less stable pSLA complexes, which could be collected by gel filtration but did not tolerate the strongly ionic environment during anion-exchange chromatography (Table 2) . These peptides have a small P3 anchor residue combined with small P6 secondary anchor (Ala or Gly) residues, which may have weaker binding affinities with the PBG of pSLA-1*0401.
Based on the structures of SLA-1*0401 and results of binding stabilities of total 39 peptides, four residues in peptides (P2, P3, P6, and PC) were defined as anchor or secondary anchor residues, and the peptide binding motif of SLA-1*0401 was proposed (Fig. 9 ). P3 and PC anchor residues are selected more strictly by SLA-1*0401 than P2 and P6 anchor residues, which indicates that P3 and PC residues are the primary anchor residues of the peptides binding with SLA-1*0401.
Interestingly, three peptides (NP [44] [45] [46] [47] [48] [49] [50] [51] [52] , CTELKLSDY, S-OIV CY9 ; PB1 347-355 , KMARLGKGY, S-OIV KY9 ; and PB1 591-599 , VSDGGPNLY, S-OIV VY9 ) were identical to the human CTL epitopes presented by HLA-A*0101 (2, 3, 10, 12, 23, 72) , which is in agreement with our structural analysis of , and cross-species peptides, were further analyzed by using CD spectra (Fig. 10) . T m s were determined from melting curves as described previously (67) . SLA-1*0401-S-OIV NW9 and SLA-1*0401-Ebola AY9 form the most stable complexes, with T m s of 47.1°C and 47.5°C, respectively. pSLA-1*0401 complexed with two other cross-species peptides (S-OIV CY9 and S-OIV VY9 ) has similar thermostabilities. The T m s of SLA-1*0401-S-OIV CY9 and SLA-1*0401-S-OIV VY9 are 43.3°C and 43.1°C, respectively. The thermostabilities of pSLA-1*0401 complexes that could not tolerate anion-exchange chromatography are clearly lower than those of S-OIV NW9 , Ebola AY9 , S-OIV CY9 , and S-OIV VY9 . For example, the T m of SLA-1*0401-S-OIV KY9 is 37.3°C, which was the lowest among the tested peptides. The SLA-1*0401 affinity of peptide NP [9] [10] [11] [12] [13] [14] [15] [16] [17] (MIGGIGRFY, S-OIV MY9 ) is similar to that of S-OIV KY9 , and this peptide also has a low T m (38.3°C). The different thermostabilities of Ebola AY9 , S-OIV KY9 and S-OIV MY9 indicate that polar P6 residues which can form hydrogen bonds with pocket E can greatly improve the stability of pSLA-1*0401 complexes. Furthermore, the varied thermostabilities of S-OIV NW9 , S-OIV CY9 , and S-OIV VY9 could be caused by PC-Trp having a greater binding affinity than PC-Tyr.
DISCUSSION
SLA I plays a crucial role in cellular immune antigen presentation in pigs and in xenotransplantation of pig organs into humans in place of donor human tissues. The structural and biophysical analyses of pSLA-1*0401 in this study provide a basis for future related research. Conserved CTL epitopes are valuable targets for overcoming the antigenic drift and shift of IV; however, before this study, there was no information about the peptide binding properties of SLAs because of the absence of structure-based evidence of the peptide binding motifs of SLAs. The mechanism of presentation of viral epitopes by MHC/HLA in both humans and mice has been thoroughly studied (16, 17, 43, 68) . The SLA I and HLA I sequences are Ͻ80% homologous at the amino acid level, indicating evolutionary divergence. The first crystal structure of SLA-1*0401 defined here provides insights into viral epitope presentation of SLA I. Surprisingly, based on our structures, we have identified potential epitopes matching S-OIV and other IV for this common allele, and some of the epitopes can even be presented cross-species by human HLA, e.g., HLA-A*0101.
A comparison of SLA-1*0401 with HLA-A*1101 revealed 78% homology, and the RMSD between SLA-1*0401 and HLA-A*1101 was Ͻ0.7. This indicates that the arrangement and orientation of the carbon skeletons are similar, as seen in the pMHC of other species. After examining the sequences and structures of the SLA I and HLA I molecules, we found some amino acid differences between the two species (Ala121/ Lys and Ser236/Ala in the H chain and Val1/Ile, Pro33/Ser, and His98/Met in ␤ 2 m). Our results revealed fewer van der Waals interactions and hydrogen bonds between the H chain and ␤ 2 m in SLA I than in HLA I. Leu 5 , Ser 167 , and Gly 77 frequently appear in SLA I molecules but are seldom found in HLA I, which might indicate distinct selective evolution in pigs and humans. In SLA-1*0401, Leu 5 is found at the bottom of pocket A, and Ser 167 is at the N terminus of pocket A and makes P1 residues more exposed in the PBG of SLA-1*0401; the Gly 77 position in pocket F of SLA-1*0401 leads to a conformational change of the heterocycle of the PC residue compared to HLA-A*0101 (Fig. 8D) .
A pronounced feature of SLA-1*0401 structure is determined by Arg 156 . Arg 156 appears at a frequency of over 15% in SLA I alleles. In the two SLA-1*0401 structures reported here, the (39) . This study also reveals that the peptide binding motif of HLA-A*0101 is similar to that of SLA-1*0401, due to their common Arg 156 and their similar B and F pockets (32) . In the absence of restriction from Glu 152 in SLA-1*0401, Arg 156 in HLA-A*0101 can contact more peptide positions with greater freedom and provide distinct and specific submotifs (31) . The nonmammalian MHC structure of chicken BF2*2101 also shows a flexible Arg 9 , located in pocket B next to a huge central pocket, allowing BF2*2101 to bind to different peptides with different conformations. The flexibility of Arg 9 allows the peptide to bind the BF2*2101 molecule with particular combinations of amino acids at positions P2 and PC-2 (30) . Importantly, these results together suggest the presence of an Arg residue (irrespective of its position at 9 or 156) located in a pocket of the PBG; one must use caution in making computer-based epitope peptide predictions due to Arg's flexible and salient side chain.
In the peptide-MHC refolding tests, a total of 23 viral peptides derived from S-OIV peptides were identified as SLA-1*0401-binding peptides that may act as candidate CTL epitopes, 17 of which strongly bound to SLA-1*0401. Three viral peptides (NP [44] [45] [46] [47] [48] [49] [50] [51] [52] , CTELKLSDY; PB1 347-355 , KMARLG KGY; and PB1 591-599 , VSDGGPNLY) were identical to the previously defined human CTL epitopes that can be presented by HLA-A*0101 (12, 23) , further confirming our structural observation of the similar PBGs of these two MHCs. PB1 347-355 and PB1 591-599 , identified in SLA-1*0401, could also bind to other HLA I molecules (4, 72) . We used the IEDB to determine whether these viral peptides that match S-OIV could be presented by other class I molecules. PB1 347-355 and PB1 591-599 both bind to SLA-1*0401 and are also potential CTL epitopes for HLA-A1, -A3, -A26, -B8, -B27, -B58, and -B62 and, in the case of PB1 347-355 , for HLA-A80, -B15, and -B18 (http://www.immuneepitope.org). PB1 347-355 (KMARLG KGY) not only is highly conserved in IV strains but also may cross-induce immunity in humans (23) . PB1 591-599 was shown to bind the monkey MHC class I allele Mamu-A*02 and stimulate CTL responses (Table 2 ). These conserved peptides have the potential to stimulate cross-species immune responses and could be used to protect swine and humans from variable forms of the virus. Potential cross-species epitope presentation by different MHC molecules may also explain the existence of hot-spot CTL epitope regions in a given viral protein, which could direct choice of the immune-dominant antigens as vaccines.
In pSLA-1*0401, the side chains from the P4, P7, and P8 residues of viral epitopes protrude from the PBG, and their C␣ atoms are almost at the same height as those in the MCH ␣-helix. Based on studies of pHLA-TCR structures (68, 69) , the protruding side chains at the P4, P7, and P8 positions may be recognized by TCRs and play a role in TCR docking. In particular, the P7 residues in S-OIV NW9 and Ebola AY9 are prominently exposed, suggesting that this residue in pSLA-1*0401 is pivotal to the specificity of swine TCR recognition. However, the side chain of the P7 residue of MAGE-A1 is pulled down by Arg 156 and does not show any outstanding features for TCR recognition. These results indicate that the cross-species-presented epitopes may stimulate CTL responses in both pigs and humans but with distinct characteristics based on the different conformations of the peptide presented.
The first structures of pSLA-1*0401 determined here provide us a clear view of the CTL epitope peptide presentation of swine MHC I and help widen our understanding of antigen presentation in different animals. Future comparative studies of antigen presentation may also help depict the evolution and origin of T-cell-based adaptive immunity. More importantly, the rational screening of the potential pSLA-1*0401-restricted CTL epitope peptides based on our structures may be beneficial for the development of T-cell-based vaccines against viruses that have crossed between pigs and humans. FIG. 10 . Thermostabilities of pSLA-1*0401 complexes. The thermostabilities of SLA-1*0401 with six peptides (S-OIV NW9 , Ebola AY9 , S-OIV CY9 , S-OIV VY9 , S-OIV KY9 , and S-OIV MY9 ) were tested by CD spectroscopy. The temperature was increased by 1°C/min. The curves for the unfolded fractions were determined by monitoring the CD value at 218 nm (67) .
